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The use of high-relaxivity, intracellular contrast agents has en-
abled MRI monitoring of cell migration through and homing to
various tissues, such as brain, spinal cord, heart, and muscle.
Here it is shown that MRI can detect single cells in vivo, homing
to tissue, following cell labeling and transplantation. Primary
mouse hepatocytes were double-labeled with green fluores-
cent 1.63-�m iron oxide particles and red fluorescent endoso-
mal labeling dye, and injected into the spleens of recipient mice.
This is a common hepatocyte transplantation paradigm in ro-
dents whereby hepatocytes migrate from the spleen to the liver
as single cells. One month later the animals underwent in vivo
MRI and punctuated, dark contrast regions were detected scat-
tered through the livers. MRI of perfused, fixed samples and
labeled hepatocyte phantoms in combination with histological
evaluation confirmed the presence of dispersed single hepato-
cytes grafted into the livers. Appropriate controls were used to
determine whether the observed contrast could have been due
to dead cells or free particles, and the results confirmed that
the contrast was due to disperse, single cells. Detecting single
cells in vivo opens the door to a number of experiments, such as
monitoring rare cellular events, assessing the kinetics of stem cell
homing, and achieving early detection of metastases. Magn Re-
son Med 55:242–249, 2006. Published 2006 Wiley-Liss, Inc.†
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Noninvasive imaging of single cells in intact, live organ-
isms would have an enormous impact in all fields in-
volved in cell transplantation, early detection of cell hom-
ing, and monitoring cell migration. There is growing inter-
est in using MRI to track cells after they are labeled with
iron oxide contrast agents. Some specific applications in-
clude stem cell tracking to damaged myocardium (1), early
detection of tissue rejection (2), early detection of cancer
(3), and tracking neural stem cell response to stroke (4). To
date, single cells have been imaged in vitro in culture
using MRI (5–8). This method was recently extended to
visualizing single cells and single particles in in vitro
embryo samples by MRI (7).

Since the first example of “immunospecific NMR agents”
was reported in 1986 by Renshaw et al. (9), there has been
increasing emphasis on both improving the detection instru-
mentation of MRI and augmenting the relaxivities and deliv-
ery of reporter contrast agents, with one goal being in vivo

single cell detection. Improvements in gradient coil design
and higher field magnets have enabled image resolution to
approach 50 �m in live animals. Cell labeling contrast agents
are primarily composed of iron oxide or gadolinium in the
form of coated particles, dendrimer-based structures, or sim-
ple chelates. Strategies for cellular uptake of contrast agents
in culture include the use of micron-sized particles (6,10),
transfection agents (11), receptor-mediated delivery (12), an-
tibody-mediated delivery (13), combined receptor/antibody-
mediated delivery (14), and conjugated cellular translocation
signal peptides (15). In vivo cell labeling is currently limited
to macrophages (2), and some initial reports have described
in vivo labeling of peripheral T cells (16) and neural stem
cells (17).

In this study we used a well developed model for liver
cell transplantation to demonstrate that single-cell detec-
tion in vivo can be achieved with MRI. Given the scarcity
of donor livers, one proposed method for gene therapy
within the liver, or to repair damaged liver, is to adminis-
ter donor hepatocytes to patients (18). Cells can be admin-
istered via several routes, with the preferred route in ro-
dents being an intersplenic injection (19). This is also the
preferred route for clinical treatment when extensive tis-
sue damage is present in the liver. Cells can then migrate
out of the spleen to the liver, where they engraft. Not all
cells migrate to the liver, however; some go to the lungs,
some engraft in the spleen, and others die. The important
fact is that they migrate and engraft as single cells (20).

Primary mouse hepatocytes were labeled with both su-
perparamagnetic and fluorescent agents, and transplanted
into the spleens of recipient mice. Micron sized iron oxide
particles (MPIOs; 1.63 �m in diameter) were used as the
superparamagnetic label. Previous reports demonstrated
that these particles are efficiently endocytosed by a wide
variety of cell types, with labeling capacity as high as
hundreds of picograms of iron per cell, and cell viability of
95% (10,17). One month after transplantation the animals
underwent MRI investigations, and their tissues were sub-
sequently harvested for histological analysis. The results
indicate that single cells can be detected in the liver.
Furthermore, possible artifacts due to dead cells or free
particles are considered and approaches for separating
these from hepatocyte engraftment are described.

MATERIALS AND METHODS

Cell Isolation, Labeling, and Imaging

Mouse hepatocytes were isolated from female C57Bl/6
mice by the collagenase perfusion method, followed by
repeated centrifugations according to Seglen (21). Isolated
hepatocytes were suspended and cultured in Dulbecco’s
modified Eagle’s medium/Hams’s F-12 (GIBCO, Gaithers-
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burg, MD, USA) with 5% fetal bovine serum, 2 mM glu-
tamine, 0.875 �M bovine insulin, 100 nM dexamethasone,
5 ng/ml epidermal growth factor, 100 U/ml penicillin, and
100 �g/ml streptomycin. Cells were plated at a density of
1 � 106 cells/cm2 on plastic culture flasks (TissueCulture,
Greiner, Longwood, FL) and allowed to attach. To magnet-
ically label the cells, 3 � 108 1.63-�m-diameter, COOH
functionalized, polystyrene/divinyl benzene-coated
MPIOs (Bangs Laboratories, Fishers, IN, USA) in 100 �l
growth medium were added directly to the culture flask
and incubated with the cells for 18 hr.

To remove free particles after labeling, the cells were
first washed extensively to remove loosely bound free
particles. They were then released from the dish by incu-
bation with trypsin. To remove additional free MPIOs, the
cells were pelleted, and resuspended in growth medium at
106/ml, and density centrifugation through Ficoll-Paque
PLUS (Amersham Biosciences, Piscataway, NJ, USA) was
performed. Briefly, 3 ml of Ficoll-Paque PLUS was added
to 15-ml plastic Falcon tubes. Then 3 ml of resuspended
cells were layered on top of the Ficoll-Paque PLUS, with
care taken to not disturb the interface. The tubes were
centrifuged for 30 min at 400 � g. After centrifugation,
most free particles had pelleted to the bottom of the tube,
and the cells remained at the interface of the Ficoll-Paque
PLUS and growth medium. The cells were removed with a
glass pipette and washed with growth medium to remove
trace Ficoll-Paque PLUS. At this point, the cells were also
labeled with a red fluorescent cell tracker dye (CM-DiI;
Molecular Probes, Eugene, OR, USA) according to the
manufacturer’s directions. This consisted of a 15-min in-
cubation of cells in suspension at 37°C with the cell
tracker dye, followed by a 15-min incubation in ice. The
cells were then washed twice to remove free dye. Cell
death was measured via Trypan blue exclusion tests at
each labeling step. For the hepatocyte phantom, 104 la-
beled cells were embedded in 1 ml 1% agarose made with
1 mM Gd-DTPA (Magnevist, Berlex Labs, Wayne, NJ, USA)
to shorten the T1 to allow rapid MRI.

T*2-weighted 3D gradient-echo imaging of the hepatocyte
phantom was performed at 7.0 T on a Bruker Biospec MRI
system (Bruker BioSpin, Billerica, MA, USA). Images were
acquired at two different resolutions: 100 � 100 � 100 and
100 � 100 � 300 �m. Other imaging parameters were TR �
100 ms, TE � 4 ms, and FOV � 2.56 � 2.56 � 1.28 cm. A
35-mm birdcage coil was used. The size of the susceptibil-
ity-induced signal decrease caused by the cells loaded
with MPIOs was measured in both data sets using pro-
grams written in Interactive Data Language (Research Sys-
tems Inc., Boulder, CO, USA). Images were thresholded at
the noise level, and the size of seven random hypointense
areas was measured by summing pixels.

Hepatocyte Transplantation and Imaging

C57Bl/6 mice (males and females, 3 months old) were used
as both hepatocyte donors and transplant recipients. Each
recipient mouse was anesthetized by isoflurane inhalation.
The abdomen was incised at the site of the spleen, and the
spleen was partly pushed out. Then 100 �l of hepatocyte
suspension (106 cells, �4C) were injected in the tip of the
spleen (N � 12 animals). The spleen was gently pushed

back in the abdomen and the incision was closed. The
mice were also injected with free particles (N � 6), heat-
killed labeled cells (N � 3), and labeled mouse embryonic
fibroblasts (N � 3). For the free-particle injection, 3 � 107

particles (equivalent to 30 particles per injected cell) were
used. One mouse received 3 � 107 particles via tail vein
injection, with imaging performed within 30 min. This
corresponds to 1.5 times more iron than the standard clin-
ical dose of Feridex. Some mice (N � 3) received no
injection at all.

At 1 month posttransplantation, the mice underwent MRI
examinations. The MRI parameters used were based on a
previous study that outlined MRI guidelines for single-cell
detection of labeled cells, including imaging parameters and
minimum voxel sizes (10,17). T*2-weighted multislice gradi-
ent-echo imaging was performed using a 72-mm transmit
volume coil in conjunction with a 35-mm surface receive-
only coil. The animals were placed supine on the surface
coil, with a respiratory gating balloon (SA Instruments, Inc.,
Stonybrook, NY, USA) placed over the lower chest. Coronal
and axial images were acquired at 100 � 100 � 300 �m
resolution. Other imaging parameters were TR � 100 ms,
TE � 4 ms, FOV � 4.00 � 4.00 cm, flip angle � 30°, four to
six slices, and respiratory gating. MRI, including the periodic
pauses in the sequence due to the respiratory gating, took on
average 30 min. Typical signal-to-noise ratios (SNRs) were
30–50. The mice were then perfused and fixed with 4%
formaldehyde, and the livers were removed and placed in
saline. 3D gradient-echo MRI was performed (TE � 4 ms,
TR � 100 ms) at 100 �m isotropic resolution. The livers and
spleens were then sectioned for histology at 10 �m thickness
(HistoServe, Germantown, MD). The sections were either
stained for iron with Prussian blue staining or left unstained.
Fluorescence stereomicroscopy was used to obtain wide-
field views of unstained liver sections and analyze the sepa-
ration between labeled cells. Confocal microscopy (Zeiss
LSM 510; Carl Zeiss, Thronwood, NY, USA) was used to
identify transplanted cells by observing both the fluorescent
green MPIOs and the red cell tracker dye on unstained sec-
tions. The area encompassed by the dark contrast spots in the
livers was calculated in the same manner used for the cell
phantom.

RESULTS

The extent of hepatocyte intracellular labeling by the
1.63-�m MPIOs and the fluorescent cell tracker probe is
shown in Fig. 1. Figure 1a shows a stereomicroscope image
of a labeled cell. The particles were dark and surrounded
the nuclei of the hepatocyte. This labeling pattern was
observed for nearly every cell in every batch labeled. Fig-
ure 1b shows a confocal fluorescent image displaying both
green fluorescence from the particles and red fluorescence
from the cell tracker. Again, the particles can be seen
surrounding the nuclei of this hepatocyte. Interestingly,
the particles appear to be in different endosomes than the
red cell tracker dye, likely because the two labeling
schemes occurred at different times. More than 50 parti-
cles could be counted in most cells. Since each particle
contains �1.1 pg of iron, the cells were labeled with �50
pg of iron, consistent with previous reports of cellular
labeling of hepatocytes with 1.63-�m MPIOs (10). Greater
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than 90% of cells contained particles, with cell survival
greater than 95% following the overnight incubation with
the particles. Cell viability following cell tracker labeling
was almost 100%.

Figure 2 shows coronal MRI slices of the livers of ani-
mals that received live double-labeled hepatocytes. Figure
2a shows the liver from a control animal that did not
undergo any procedure prior to imaging. Due to the rapid
TR, the blood signal appears bright and vessels are clearly
visible. The tissue is homogeneous in signal intensity at
this resolution and imaging conditions. Also visible are
the kidneys and the space occupied by the lungs. The heart
appears as a fuzzy oval shape because cardiac gating was
not employed. Figure 2b shows data from a mouse that
received an intersplenic injection of 106 live, double-la-
beled cells in 100 �l PBS. Punctuated dark contrast spots
were distributed fairly uniformly in the liver in both the
coronal and the axial directions (data not shown). In all,
nine of 12 animals injected displayed dark, punctuated
contrast in the livers. While most of these animals (N � 7,
Fig. 2b and f) demonstrated dark contrast spots dispersed
uniformly throughout the liver, some did not (N � 2, Fig.
2e). The spacing between dark contrast spots ranged from
100 � to several millimeters.

Figure 2c and d show in vitro coronal MRI slices of a single
perfused and fixed liver lobe from the same control and
experimental animals shown in Fig. 2a and b. These high-
resolution images help to identify the distribution of the
contrast in the liver, free from motion artifacts and blood.
The contrast between the livers and the saline was set equal
to ensure that observed contrast was not due to saline in the
vessels of the liver. The control liver in Fig. 2c was com-
pletely uniform in signal intensity. Figure 2d shows the liver
from the animal that received live labeled cells. As expected,
dark contrast regions were dotted throughout the liver lobe,
with very little underlying graininess.

Figure 3a–d shows representative histological analyses
for the animals that received live labeled cells. Figure 3a
displays a wide-field, stereomicroscope image showing the
green fluorescence from the Bangs particles. Two general
size clusters are visible: 1) single, dispersed green parti-
cles, and 2) compact groups of particles. The compact
groups of particles are circled and the distances between
them are indicated in microns. In this field the distances
ranged from 387 to 680 �m, but distances as short as 100
�m and as long as millimeters were observed in other
sections. Figure 3b shows a portion of a histological sec-
tion stained with Prussian blue for iron. Readily visible is

FIG. 1. a: Bright-field microscopic image of
a single hepatocyte labeled with 1.63-�m
MPIOs. b: Dual-channel confocal fluores-
cence microscopic image of a different cell,
showing �50 green fluorescent MPIOs and
red fluorescence from the cell tracker.

FIG. 2. In vivo MRI slice of (a) a
control liver and (b) a liver from an
animal whose spleen was in-
jected with labeled hepatocytes 1
month prior to imaging. c and d:
In vitro MRI slices of the same
samples shown in a and b. The
dotted outline in c delineates the
liver boundary. e and f: In vivo
MRI slices from two other animals
that received live labeled hepato-
cytes. Scale bars are in centime-
ters.
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the dark blue staining that is indicative of iron, surround-
ing the nuclei of a hepatocyte. This distribution of parti-
cles within the cell is similar to the pattern observed in the
cells pretransplantation. Figure 3c shows a portion of a
confocal microscope image displaying a hepatocyte in the
liver with colocalized green fluorescent particles and red
fluorescent endosomes. Figure 3d shows a view of a dif-
ferent hepatocyte, again with colocalized green particles
and red endosomes.

Control experiments were performed to determine what
would happen to the particles (and hence contrast in the
liver) if the transplanted cells died. Figure 4a shows an MR
image from an animal that received the same number of
heat-killed cells transplanted into the spleens. Significant
differences were observed in the contrast in the liver. Instead
of being punctuated, the contrast was grainy and less intense.
Additionally, the contrast was organized in dark, circular
structures apparent throughout the liver lobes. In vitro MRI
(Fig. 4b) shows a liver in which the signal intensity appears
very grainy with very few scattered dark contrast regions, as
can be seen in the liver in Fig. 2b and d. The circular struc-
tures also became more clearly visualized. Fluorescence ste-
reomicroscopy detected scattered single particles within the
liver, with no major groupings of particles (Fig. 4i and j).
Confocal fluorescence microscopy detected no cells with co-
localized red and green fluorescence.

To test whether free particles could travel from the
spleen to the liver, and what kind of contrast that would
elicit, the same number of free particles injected with the
labeled cells were injected into the spleen. Figure 4c
shows a liver from this set of experiments. The particles
indeed reached the liver, but the contrast in the liver was
markedly different, being more grainy and again forming

circular structures. The dark punctuated spots observed in
Fig. 2b are not present. Figure 4d shows the in vitro MR
image of the liver from the same animal. Here the graini-
ness, organized into circular structures, can best be seen.
Fluorescence stereomicroscopy showed only scattered
particles throughout the liver (Fig. 4k and l).

A second experiment with free particles involved an
injection of the same number of particles, this time intra-
venously. This served to label Kupffer cells in the liver
directly and delineate which cells likely received the par-
ticles in the previous experiment. Figure 4e shows the
liver from this experiment. Here, because the spleen was
bypassed, particles could go directly to the liver and the
contrast was darker and more widespread. Again, the con-
trast was grainy and formed circular structures. Figure 4f
shows the in vitro MR image from the liver of this animal.
The grainy contrast is more intense than that in Fig. 4d, as
in the in vivo images, but is still organized into circular
structures. Fluorescence stereomicroscopy again detected
many scattered, single particles without detecting any
scattered groups of clustered particles (data not shown).

As a final control, labeled mouse embryonic fibroblasts
were injected into the spleens. These cells were not ex-
pected to undergo major migration to the liver. Figure 4g
shows the liver of one animal that received the same
number of labeled fibroblasts as were delivered with hepa-
tocytes. No punctuated dark contrast regions were ob-
served in the liver, and there was only some slight grain-
iness, as was observed in the two previous examples.
Figure 4h shows the in vitro MR image of the liver from
this animal. Mild graininess was observed, with a very few
scattered dark contrast regions similar in size to the con-
trast regions observed in Fig. 2b. Fluorescence stereomi-

FIG. 3. Microscopic images of
histological sections from inter-
splenic labeled hepatocyte injec-
tion. a: Wide-field green fluores-
cent stereomicroscopic image of
a liver section showing intact
groups of particles (circled). Dis-
tances between cells are given in
microns. b: Prussian blue-stained
cell showing particles surround-
ing the nucleus of a grafted cell in
the liver. c and d: Two dual-chan-
nel confocal fluorescence images
of grafted hepatocytes in the liver
showing green MPIOs and red
cell tracker dye.
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croscopy detected mainly scattered individual particles;
however, confocal microscopy detected a very few double-
labeled cells (data not shown).

To help determine whether the isolated, dark contrast re-
gions were indicative of single cells, an agarose phantom was

constructed that consisted of dispersed single, labeled hepa-
tocytes. The hepatocyte phantom was imaged with imaging
parameters mimicking the imaging conditions used to study
the liver, both in vivo and in vitro. Figure 5a shows the
agarose phantom imaged in the same way as the in vivo

FIG. 4. (a) In vivo and (b) in vitro MRI of the liver from an animal whose spleen was injected with dead labeled cells 1 month prior to MRI.
(c) In vivo and (d) in vitro MRI of the liver from an animal whose spleen was injected with free particles only, 1 month prior to MRI. (e) In
vivo and (d) in vitro MRI of the liver from an animal that received an i.v. injection of particles. (g) In vivo and (h) in vitro MRI of the liver from
an animal whose spleen was injected with live labeled mouse embryonic fibroblasts 1 month prior to MRI. (i) Wide view and (j) expansion
of fluorescence stereomicroscopic images of histological sections from the liver in image a, showing only scattered, free particles in the
liver. (k) Wide view and (l) expansion of fluorescence stereomicroscopic images of histological sections from the liver shown in c. The
wide-view sections are 1.5 mm square, with 3� expansions.

246 Shapiro et al.



livers. Isolated, dark contrast regions are observed spotted
throughout the sample. Less intense, dark contrast regions
are also visible, due to the presence of some remaining free
particles in the agarose. The size of seven random dark con-
trast regions was measured, in both the liver samples and the
hepatocyte phantoms, for all imaging conditions (Fig. 5b).
The sizes of the contrast regions were nearly identical be-
tween the livers and the hepatocytes, regardless of imaging
condition. These sizes were 7.50 � 1.18 and 7.34 � 0.78
pixels for the in vitro liver and the phantom, respectively,
and 6.30 � 0.95 and 6.40 � 1.10 pixels for the in vivo liver
and the phantom, respectively.

Figure 5c displays line plots through the livers of three
different animals (one that received live labeled cells, one
that received dead labeled cells, and one that received
particles only in the spleen). Only in the liver that received
live labeled cells were large hypointense peaks in the
signal profile observed. One large hypointense signal
around pixel 17 was likely due to several clustered cells;
however, the four hypointense peaks at pixels 40, 48, 54,
and 59 had signal changes consistent with being caused by
single cells. These hypointense signals were 2–3 pixels
wide, with signal decreases of 81%, 63%, 45%, and 40%,
respectively. The signal profiles of the livers that received
dead labeled cells and free particles were similar to each
other. The livers exhibited noise-like signal profiles in
addition to wide humps of signal intensity. The noise-like
signal profiles were a measure of the graininess observed

in the images from these livers, and the wide humps were
cross-sections of the circular structures observed.

DISCUSSION

This paper presents the first report of single-cell detection in
vivo by MRI following cell labeling and transplantation. In
the present study, single-cell detection was made possible by
the use of MPIOs for cell labeling, high-resolution MRI, and
a well developed cellular migration paradigm that led to
relatively isolated cells. MPIOs have been used to efficiently
label several different types of cells. The relaxivity of these
particles is 50% higher than that of MIONs, based on iron
concentration (6). Moreover, the tolerance of these particles
by cells is high (�95% survival) because of their inert poly-
mer coating. In this study cells were loaded with �50 pg of
iron per cell, as determined by counting particles under
confocal fluorescence microscopy, and excellent labeling ef-
ficiency was achieved (�90%). Previous studies detected
single cells in vitro using MRI (5–8,10,22). Reports of cell
detection in vivo have ranged from clusters of a few cells (23)
to several hundreds of cells (4). Recent preliminary reports
have also been published detailing in vivo single-cell detec-
tion by MRI (24,25).

Currently, only two-photon and confocal fluorescence
imaging techniques have been used to image single cells
noninvasively in vivo. Microscopy is limited by depth of
penetration and is confined to only a few hundred microns

FIG. 5. MRI contrast analysis. a: MRI slice
of the labeled hepatocyte agarose phantom.
b: Graphical representation of the sizes of
the contrast regions for the liver and the
hepatocyte agarose phantom. The 100-�m
side compares the in vitro liver MRI with MRI
of the phantom using the same imaging pa-
rameters. The 300-�m side compares the in
vivo liver MRI with the phantom, using the
same imaging parameters for that experi-
ment as well. c: Plot profiles of three in vivo
liver samples (Figs. 2a, and 4a and c). Hy-
pointense peaks are seen in the liver only
after injection with live labeled cells.
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within limited FOVs (26). The lower limits for cell track-
ing by PET, SPECT, and fluorescence imaging techniques
have not been determined; however, they will have to
overcome poor image resolution (millimeter-sized pixels)
to detect single cells in whole animals. MRI is an attractive
imaging modality to pursue in vivo single-cell detection,
for several reasons: it is noninvasive and thus allows lon-
gitudinal studies, opaque objects can be imaged with no
depth dependence, experiments can be performed in a few
hours, it produces excellent background contrast, and
three-dimensional acquisitions are possible with voxel
sizes approaching cellular dimensions (50 �m).

Because of the difficulty of comparing identical slices of in
vivo MRI and in vitro MRI with histological sections, two
lines of evidence are presented to demonstrate that single-
labeled cells were observed in the livers of animals that
received live labeled hepatocytes. The first was obtained by
fluorescence microscopy of the liver histology, including the
wide-field and confocal microscopy data. The wide-field
data in Fig. 3a show that the spacing between cells in the
histology is commensurate to the spacing between cells mea-
sured in the MR images of livers (Fig. 2b, e, and f). No attempt
was made to directly overlay the MRI data onto the optical
data, because of the difficulty of making such comparisons at
such high resolution. Our observation of isolated, scattered,
clustered groups of particles in the experimental livers, and
failure to observe these in the controls indicate that the dark
contrast regions in the livers of the experimental animals
were due to single cells.

The use of a double-labeling scheme allowed the iden-
tification of transplanted cells in the confocal microscope,
as opposed to endogenous cells of the host that may have
picked up the contrast agent following cell death. We
assumed that if the cells had died, the red cell tracker and
green fluorescent MPIOs would have been diluted. Genetic
markers, such as green fluorescent protein (GFP) (4) and
beta-galactosidase (27), have also been used as fluorescent
labels for cell transplantation studies. Following cell trans-
plantation, cells can either survive or die, and if they
survive the question arises as to whether they grafted in
the spleen or the liver. The mechanisms and routes of
engraftment for transplanted cells were previously eluci-
dated (19). Additionally, it is known that as many as 85%
of transplanted cells die (Dr. Ira Fox, M.D., University of
Nebraska Medical Center, personal communication). Only
if the transplanted cells migrated to the liver, carrying both
particles and cell tracker dye, would both red and green
fluorescence colocalize within a cell under the micro-
scope. Additionally, based on the measurements in Fig. 5a
of contrast region size for a single, labeled hepatocyte, the
dark, discreet contrast in the livers that received live la-
beled cells could only be due to grafted hepatocytes. If the
cells had grafted only to the spleen and survived, the liver
would have had no contrast because there would have
been no particles in the liver.

Conversely, if the cells die during transplantation, the
question arises as to when and where they died. In this case,
the considerations were whether the cells died in the liver or
the spleen, and what was the fate of the contrast agent. If the
cells died in the spleen, particles could have become free and
could either have remained in the spleen or traveled to the
liver, where they would have been endocytosed by the mac-

rophages of the liver, the Kupffer cells. These scenarios were
tested with two controls: 1) injection of dead, labeled hepa-
tocytes, and 2) injection of free particles into the spleen. If the
cells died in the liver, then again the particles would have
become free and would have been endocytosed by Kupffer
cells, as well as host hepatocytes. This scenario was difficult
to control for, since injecting dead hepatocytes into the liver
would not have dispersed them throughout the liver, and the
cells would not have been isolated enough for us to detect
individuals. In all cases, the only fluorescence detectable
would have been the green fluorescence from the particle,
and not the red fluorescence from the cell tracker. This was
consistently observed in the fluorescence microscopy results
(shown in Fig. 4i–l). Additionally, the MRI contrast would
have reflected that of dispersed single or few particles spread
out throughout the tissue. This contrast would have ap-
peared grainy and less intense than isolated groups of cells
containing many packed particles, exactly as shown in the
MR images of the control livers in Fig. 4a–h. Additionally,
this contrast would have been confined largely to the periph-
ery of liver lobules, close to the arterial input to the liver,
since resident macrophages in these areas would be the first
to contact these particles and endocytose them. The circular
shapes of dark contrast observed in the MR images (Fig.
4a–h) of control livers in which dead cells and free particles
were injected into the animals were probably due to the
outlines of the liver lobules.

The second major line of evidence indicating that the dark
contrast regions were due to single cells resulted from the
comparison of the sizes and hypointensities of the dark con-
trast spots observed in vivo and in vitro in the liver with
those of labeled hepatocytes in an agarose phantom. Nearly
identical sizes of contrast regions were observed in identical
imaging conditions (roughly 6.4 and 7.4 pixels for 100 �m (in
vitro comparison) and 300 �m slice thickness (in vivo com-
parison), respectively). The sizes of these contrast regions
matched those previously observed for isolated labeled hepa-
tocytes grown on culture dishes (10). Interestingly, the con-
trast in the images obtained using thicker slices was �20%
greater than achieved with thinner slices. This was likely
because the spatial extent of the effect of iron oxide is not
symmetrical, but rather has a complex pattern (28). It may be
that a thicker slice captured all of the contrast from a labeled
hepatocyte better than a thinner slice, because all of the
effects of the iron oxide contrast were included in the voxel.
Additionally, the wider slice thickness protocol used a slice-
selective 2D gradient-echo scheme, and this slice-select pulse
may have enhanced the size of the contrast region by failing
to excite water molecules in the vicinity of the contrast agent.
The water in this case is within the static dephasing regime
(29,30) and is likely shifted from the nominal resonance
frequency of water.

The MRI parameters used (specifically the gradient-
echo time and image resolution) were important factors
in detecting single cells in liver. Since the dominant
contrast mechanism is susceptibility-based dephasing of
water near the particles, gradient-echo MRI is best
suited for this purpose. However, the liver has a short
background T*2, and thus lengthy TEs would result in
total signal loss from the liver. In an earlier study, im-
aging conditions (including gradient-echo time and im-
age resolution) were established for visualizing single
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cells in different tissues (10). It was shown that image
resolution should be 100 �m isotropic or better for ro-
bust detection of single cells when using TEs of 3–5 ms.
The TE used in these experiments was 4 ms. The image
resolution (100 � 100 � 300 �m) was chosen to be close
to those recommendations, yet allow for more rapid
imaging. Individual 1.63-�m MPIOs can be robustly vi-
sualized at 100 �m or higher resolution (7), so the
300-�m slice thickness helped to minimize images of
contrast from isolated free particles. While particles as
large as 5.80 �m have been used to label cells, because
of their robust detection at 200 –300 �m resolution, it
would have been difficult to distinguish between cells
and free particles with MRI. Livers with a lot of free
particles still showed significant contrast; however, Fig.
5c shows that the contrast was less hypointense than
that in a well-labeled cell with many clustered particles,
and was easily distinguishable. Now that it is possible to
detect individual cells, it will be critical to develop
robust strategies to distinguish single cells from clusters
of cells, or contrast agent that leaked from dead cells.

CONCLUSIONS

In conclusion, single hepatocytes labeled with 1.63-�m
MPIOs can be detected in the liver following transplantation
into the spleen. The use of heavily labeled cells (�50 pg iron)
enabled engrafting cells to be separated from free particles,
which may have been taken up by the liver due to cell death.
This should enable the development of rapid-assay strategies
to increase the efficiency of engraftment of liver cell trans-
plants. In addition, it should be possible to detect single cells
in other tissues using MPIO-labeled cells.
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